The mfecane is thought to be a massive upheaval and devastation of Nguni tribal chiefdoms in the second decade of the 19th century in what is now KwaZulu-Natal and the Eastern Cape of South Africa. Other historians have challenged this extreme interpretation suggesting that the use of the term mfecane be discontinued. We show that pervasive cycles of drought and cold periods in southern Africa are significantly amplified and extended by volcanic eruptions and that, in particular, the eruption of Tambora in 1815 triggered a prolonged and extreme climatic event which bears all of the characteristics ascribed to the mfecane. These findings are supported by a coupled ocean-atmosphere numerical model and by tree-ring rainfall and sea surface temperature analyses, suggesting that the term mfecane is an appropriate description of a singular climatic event.
Introduction
The term 'mfecane' has been used to describe a period of extreme privation, widespread famine, depopulation and displacement of people over a large area of southeast South Africa (Figure 1 ). Thought to have begun in the second decade of the 19th century, the phenomenon may have had antecedent contributing conditions and has been seen to have had extensive subsequent sociological and political repercussions potentially extending well into the 20th century.
The range of arguments on the mfecane advanced by southern African historians, cover the full spectrum from the ascription of late 20th century political decisions 1 to the mfecane to abandoning the use of the term mfecane entirely. 2 The purpose of this paper is not to enter into the complex broader issues implied by or ascribed to the mfecane but to explore, firstly, the inherent large-scale atmospheric controls on the climate of Africa, and, secondly, whether a specific geophysical event combined to precipitate such a human catastrophe. The resulting climatic anomaly led to conditions akin to what may have been described by the original meaning of the term in Xhosa (ukufaca) which is 'to be weak, emaciated by hunger', where the stress is upon 'famine'. 2 Later use of the word mfecane, placing emphasis upon 'extreme famine', would then be entirely consistent with the environmental conditions which we will describe, irrespective of any subsequent consequences or interpretations.
Previous work has not addressed either of the above potential influences or employed such findings to interpret the full impact of environmental factors. Such evidence has not been called upon to identify among multiple causes, a set of circumstances which mark the event as distinct from others and provide a basis for the use of the term 'mfecane'.
We will first draw attention to the unique geographical position of the continent of Africa relative to global-scale circulations of the atmosphere. Two large-scale global circulations dominate the climate of the subtropical latitudes of Africa, inducing pervasive dryness and periodic, if not entirely predictable, decadal cycles of wet and dry conditions. Secondly, we will examine the superimposition of the effects of the world's largest known volcanic eruption upon the larger-scale climatic periodicities as the critical contributing factor to the occurrence of extreme climatic conditions in the region of interest. Precipitation anomalies derived from a large-scale coupled ocean-atmosphere model will be interpreted for the time period and location.
Sea-surface temperatures (SST) in the adjacent Indian Ocean that coincide with dry and wet conditions derived from a tree-ring analysis confirm the model-predicted SST fields and precipitation anomalies.
Large-scale atmospheric circulations over Africa
The continent of Africa is centred upon the geographic equator, extending approximately 35 degrees of latitude polewards in each hemisphere (Figure 1 ). This apparently trivial geographical detail has in fact profound implications for the continent of Africa. Africa is indeed unique among the continents in its equator-centric location.
Two major atmospheric circulations -Hadley and Walker -are centred on the equator. The impact upon Africa of these two circulations, underemphasised in the literature, results first in curtailing and second in creating high variability in the rainfall over much of this continent outside of the equatorial region. About 75% of the continent receives less than 500 mm of rainfall per year: a direct product of the Hadley circulation. This meager rainfall is subject to high variability amplified by the periodic dry and wet decadal cycles induced by the Walker circulation.
drying and warming of the atmosphere and the formation of the semipermanent subtropical anticyclones and the large hot deserts of Africa. Figure 2b shows the more complex manifestation of the Hadley circulation in the form of the Intertropical Convergence Zone (ITCZ) and the Zaire Air Boundary (ZAB) and their seasonal migrations. 3 With the exception of the rain-producing regions of the convergence zones, the dominant effect of the Hadley circulation over Africa is a suppression of rainfall. The result is that much of Africa is dry, with an annual rainfall unable to support agriculture without supplemental (irrigation) water.
For rain to have been produced in the region of 19th-century Natal (Figure 1 ), the pervasive downward motions of the Hadley cell must have been countered by generation of upward motion. On the large scale, poleward excursions of the ITCZ can bring cyclonically circulating air in the form of easterly waves or equatorial vortices or even remnants of tropical cyclones (hurricanes) into the region. These phenomena are irregular and highly seasonal, occurring most often at the height of summer. Failing organised weather systems, daytime heating of the surface in summer, in the presence of moist air inflow from the Indian Ocean (warm Agulhas current), can develop afternoon thunderstorms and rain and could have made the coast of Natal wetter than the interior. Only rarely in the winter will frontal systems or low-pressure areas originating over the Southern Oceans, and reaching the Cape, penetrate into and beyond what was 19th-century Natal (Figure 1 ).
The Walker circulation
Extending around the world, centres of upward and downward motion form a chain of wet and dry regions located along the meteorological equator ( Figure 3) . 4 Warming and cooling of the sea surface along this equatorial band, particularly in the far eastern Pacific Ocean, together with land masses create a longitudinal distribution in the centres of wet and dry conditions. When the waters of the far eastern Pacific warm, the cold upwelling off the coast of central America is replaced with warm surface water, nutrients from the depths are cut off and fishing ends. The fishermen of the region call this the El Niño. This warming of the surface water is the low phase of the Walker circulation shown in Figure 3a .
When the warm waters of the eastern Pacific retreat to be replaced by cold upwelling water, the La Niña has returned with the high phase of the Walker circulation (Figure 3b ). The effects of the Pacific Ocean oscillations are transmitted around the globe through changes in the surface pressure fields as shown in Figure 3 . The surface pressure patterns result in alternating regions of wet (trough) and dry (ridge) conditions within the subtropics of the globe. Figure 3 shows that southern Africa would experience wet conditions under the high phase (La Niña) and dry conditions under the low phase (El Niño).
The east/west Walker circulation and the north/south Hadley circulation, are thus central to Africa. The periodic oscillations of trough (wet) and ridge (dry) pressure patterns extending into both hemispheres of Africa result in near decadal wet and dry periods that have been isolated for the summer rainfall regions of southern Africa. 5 Other climatic forcing functions embedded within the adjacent Atlantic and Indian Oceans reinforce or interfere with the above climatic controls, increasing variability and reducing predictability. High phase
Sea-surface temperatures
The El Niño-Southern Oscillation (ENSO) initiates changes in SST in the far eastern equatorial eastern Pacific, triggering the reversals in the Walker Circulation. 6, 7 Atlantic SSTs strongly influence the position of the ITCZ over Africa. 8, 9 Both observations and model studies suggest that the ITCZ moves away from cooler SSTs, potentially reducing the rainfall. 
Role of volcanism
Numerous researchers, notably Lamb 11 and Bryson and Goodman 12 , have pointed to volcanism as a major factor influencing climate, including SST and precipitation. More recently, Haywood et al. 13 and others 14, 15 have modelled the climatic effects of large explosive volcanic eruptions. They concluded that large asymmetrical stratospheric aerosol loadings produced by the volcanoes and concentrated in the northern hemisphere result in droughts in the Sahel. Haywood et al. 13 , using the United Kingdom's Meteorological Office's coupled global atmosphereocean Hadley model (HadGEM), were able to show that the four driest Sahelian summers during the period 1900-2010 were preceded by substantial northern hemisphere volcanic eruptions.
We drew upon simulations conducted at the Hadley Centre to assess the impact of Tambora upon the climate of southeastern southern Africa. To do this, we used Hadley model simulations of volcanic eruptions whose optical depths most closely reflect conditions believed to have been present in the Tambora eruption. These optical depths are primarily controlled by the amount and height to which sulphur particles are injected into the atmosphere. These results are then used to predict the percentage change in the precipitation over southern Africa. The result ( Figure 5 ) is conditioned by the fact that the volcanic explosivity index (VEI) of Tambora is two orders of magnitude greater than the VEI used for the simulation.
On 15 August 1815, Tambora -a volcano on the island of Simbawa in Indonesia -erupted, expelling some 140 gt of magma. 16 At position seven on the nine-point logarithmic VEI, Tambora is the largest known historical eruption. Located at 8.2°S latitude, 118°E longitude and lofting some 60 mt of sulphur to an altitude of 45 km, well into the stratosphere, this plume entered both the southern and northern hemispheres. Forming a global aerosol sulphate veil, reflecting short-wave radiation, there were pronounced climate repercussions in both hemispheres. Extending in the northern hemisphere as far north as Canada and Europe, 1816 was known as the 'year without a summer'. 16 With the volume and character of the aerosols (high sulphur yield) above the stable barrier of the tropopause, it is estimated that the effect of this veil may have persisted for up to 5 years. The shortest growing season (less than 50% of normal) in southern Maine, New Hampshire and eastern Massachusetts between 1790 and 1840 was recorded for the year of 1816. Evidence of the impact of Tambora on the climate of the southern hemisphere following the 1815 eruption is much less detailed than that for the northern hemisphere. Grab and Nash 17, 18 used documentary evidence to study climatic variability during cold seasons in Lesotho between 1833 and 1900. They found, however, that the coldest period during the 19th century was the years following the 1815 eruption of Tambora. An unknown eruption preceded Tambora in 1809. 19 While Grab and Nash 17 were unable to document in detail the consequences of these two eruptions in southeastern southern Africa, they were able to describe the consequences of the eruptions of Amagura, also known as Toku, in the Fijian Island group (18°S, 174°W), in June 1846, and Krakatau (6.1°S, 105.4°E) in August 1883. Both of these eruptions were of lesser magnitude measured on the VEI than Tambora (Tambora 7, Amagura estimated at 4 and Krakatau 6). For the lowlands of Lesotho, Grab and Nash 17 found three consecutive years of very severe winters and one additional year of severe winter from 1847 to 1850 following the eruption of Amagura. These winters resulted in extensive loss of human life and livestock. Despite the low sulphur yield of Krakatau, four consecutive years (1884-1887) of severe winters and early frosts followed that eruption.
The Hadley Centre's coupled atmosphere-ocean model results for a volcano the size of El Chichon, which injected 7-12 MtSO 2 into the stratosphere, were then used to estimate the impact upon the precipitation of southern Africa. This volcano has been estimated to be the second most climatically important volcano of the last 50 years. 20 Simulations were performed to determine the potential impact on southern Africa for aerosol injections into (1) the northern hemisphere, (2) the southern hemisphere and (3) both hemispheres (see Haywood et al. 13 for further details). Figures 5a and 5b show the results for December-April rainfall. For this relatively modest eruption, there was a robust drying of 10-50 mm/month, equivalent to about a 20% decrease in annual mean rainfall, regardless of whether the injection was in both hemispheres or in one hemisphere only. For an eruption as massive as Tambora (60 MtSO 2 ), these model results suggest that the impact across much of the summer rainfall region of southern Africa could have been far more severe, both in terms of the reduction in rainfall and the duration of the impact, which could have been 4 to 5 years following the eruption owing to the longer residence time of aerosol injected to higher regions of the stratosphere.
Of interest is the model result which suggests that the coastal margin of southeastern southern Africa might, even under the extreme conditions created by Tambora, not have been as severely impacted as the interior of the subcontinent. This possibility, in turn, suggests that the more coastal dwelling population may have escaped the worst consequences of the drought, but further multi-model assessments would be needed to assess the robustness of this result.
Nevertheless, the conclusions drawn from the Hadley model results, supported by the tree-ring based SSTs which indicate cooling and drying, suggest that the impact of Tambora on the climate of the region could have significantly exceeded that suggested by the above evidence. It may be added that the methodology employed represents one of the few ways in which climatic aberrations may be illuminated in a location and at a time which has little other supporting material available.
17,18
Hall 21 , using oral history and the analysis of tree rings, suggested that there were three major changes in climate in southeastern southern Africa during the 18th and 19th centuries: 1700-1750 (dry), late 1700s (wet) and 1800-1820 (dry). The drought in the early part of the 19th century was referred to by the Nguni people as the 'madlathule' (let one eat what he can and say naught) 22 and is coincident with a serious breakdown of social, political and economic institutions in the region. 23 The tree-ring work in Zimbabwe 10 confirms the dry period identified by Hall 21 in the first two decades of the 19th century ( Figure 6 ) as well as the extended dry period coincident with the eruption of Krakatau (1883) described by Grab and Nash 17 . The rainfall reconstructed from our tree-ring data shown in Figure 6 suggests that the effects of the unknown eruption in 1809, followed by that of Tambora, combined to produce an extended period of 15 years of drought in the southeastern region.
Of the six prolonged drought periods in the reconstructed rainfall record shown in Figure 6 , three are associated with volcanism (1809-1823: unknown eruption in 1809 and Tambora in 1815; 1838-1870: Amagura in 1846; 1880-1896: Krakatau in 1883). The drought of the 1920s, which lasted into 1933, is well known for its devastation of farming in Natal but was not associated with any volcanism. 24 The accumulated evidence cited above suggests that the combined eruptions of the 1809 volcano and Tambora in 1815 created devastating drought and cold conditions in southeastern southern Africa for much of the second decade of the 19th century. These conditions initiated by the 1809 event, became extreme after 1815 and likely extended over much of the summertime rainfall region of southeastern and central southern Africa, reducing rainfall and the growing seasons to less than half of the mean annual values (Figures 5a and 5b) .
Nicholson et al. 25 show a ubiquitous period of aridity in the earliest years of the 19th century (see Figure 10 in Nicholson et al. 25 ) based upon a composite precipitation data set compiled for Africa, including the Kalahari, over the last two centuries. Holmgren et al. 26 , using isotopes of oxygen in stalactites from the Limpopo Province of South Africa, show extreme dry conditions (see Figure 4 in Holmgren et al. 26 ) prevailing at the end of the 18th century. 30 have all drawn attention to the role played by agricultural practices, soil characteristics and fertility and the carrying capacity of the pastures of the region east and southeast of the Drakensberg towards the Indian Ocean coast. Acocks' 31 reconstruction of vegetation for the above region from the 15th to the 20th centuries suggests that, over time, good grazing is replaced by poorer species in the wetter regions and not at all in the drier regions. Both Guy 27 and Gump 30 argue that significant environmental degeneration had occurred by the end of the 18th century in the Zululand region.
Other environmental factors
Reduction in carrying capacity progressively limited the time of year and the area available for grazing while the increasing numbers of livestock and people heightened the pressure on these natural resources. By the early 19th century, Wilson 32 estimated that the number of cattle in the Zululand region likely exceeded the number of people.
Maize may have largely replaced millet and sorghum by the beginning of the 19th century in the Zululand region. Millet and sorghum are drought resistant, grow well in relatively poor sandy soils, require little rain, mature quickly and are suited to short growing seasons. Both crops store well and provide sustenance over multiple seasons. Maize, while possessing some advantages over millet and sorghum such as higher crop yields, has serious relative disadvantages. Maize requires higher rainfall than either millet or sorghum, and requires well-drained soils high in nitrogen, phosphorus and potash. Without supplemental nutrients, maize quickly exhausts soils. Maize is also subject to insect damage while stored.
While cumulatively over time, all of the above factors eventually lead to ecological disequilibrium, such a change is gradual rather than sudden and is spatially inhomogeneous. The exception to such a response could be the result of a sudden occurrence of extreme conditions such as a drought, which could precipitously trigger the simultaneous collapse over a large region.
Summary and conclusions
The rainfall regime of southern Africa, encompassing most of present day KwaZulu-Natal, the far Eastern Cape, the lowlands of Lesotho and much of the interior plateau, is subject to the large-scale equatorial circulations of the earth's atmosphere. The primary effect of the large-scale circulations upon the rainfall of the region is to impose pervasive dry conditions with a high level of variability. Such variability can take the form of decadal fluctuations in rainfall resulting, alternately, in droughts and floods. Irregular volcanic activity, occurring particularly in the global equatorial and tropical regions, introduces an anomalous response in rainfall, potentially interfering with the larger-scale rainfall production. The causal relationship between rainfall and the eruption is a cooling effect induced by the injection of particles from the eruption into the stratosphere and a regional cooling of the sea surface.
Dry conditions as a result of the large-scale circulations can be reinforced by a volcanic eruption and can lead to extreme and protracted drought. Reduction in solar insolation reduces surface temperatures. The suppression of rainfall, the absence of clouds and the presence of low humidity result in cold nights with severe frost, reinforcing the already cold conditions. Damage to crops and pasture and the curtailment of the growing season follow.
Such extreme changes in climate brought about by the coincidence of large-scale atmospheric scales of motion and a major global tectonic event, occur within a period of months or less, and over large spatial areas much greater in extent than the above described region.
Observational and model calculations of the impact of a major volcanic eruption support the above time and space characteristics as well as the magnitude of the resulting drought. These characteristics, while amplified by ecological disequilibrium, occur with a suddenness and uniformity over a wide area not associated with a gradual and inhomogeneous environmental degradation. While such an event follows upon and is connected to both antecedent and subsequent conditions, it differs from these 'before' and 'after' states by the uniqueness of its time and space characteristics.
The magnitude and temporal and spatial identity of the change in climate over Zululand and the adjacent regions as a result of the eruption of Tambora constitute a clearly recognisable and unusual state. Historical evidence of such a state, mainly in the form of extremely dry and cold conditions with associated famine and mortality, would support the recognition of these conditions as those described for the 'mfecane'.
Climatic disruptions in the dry tropics of Africa continue into modern times. Loss of life to famine caused by drought occurs from Somalia through the Sahel to the west coast of North Africa. Volcanic eruptions have preceded three of the four driest Sahelian summers during the past 110 years. Hundreds of thousands of people have lost their lives and tens of millions have been displaced by droughts in the subtropics of north Africa. 13 The lessons of the mfecane remain as important today as they were two centuries ago. The place and role of the mfecane should remain as marking a singular geophysical and human event in the history of southeastern southern Africa.
